Lignin slurry as a model compound of ethanol-fermentation residue was gasified to produce synthesis gas (carbon monoxide (CO)/hydrogen (H2)) for a feedstock of liquid fuel synthesis as an alternative to the petrol and diesel oil, and for hydrogen source applied to a fuel of fuel cells. With increasing moisture content, the gasification of the wet biomass produces less char and tar, whereas more input enthalpy of water is required to achieve reaction temperature (750-950 ℃ ). Based on the features, the optimum moisture content of the biomass exists.
Introduction
Biomass gasification is a promising technology to produce synthesis gas, which is utilised for a feedstock of liquid fuel synthesis as an alternative to the petrol and diesel oil supplied to an internal combustion engine, or for hydrogen source applied to a fuel of fuel cells. The conversion of biomass is attractive technology because of growing need for reduction of use of the fossil diesel fuels, for sustainable energy resource, and for mitigation of carbon dioxide (CO2) emission.
Wet biomass defined as biomass with high moisture content (MC) above 80 wt.%, e.g., fermentation residue 1) , macroalgae 2) , sewage sludge 3) and black liquor 4) , usually needs to be dried to reduce its moisture content for handiness. However, gasification of the biomass with a high moisture content produces more hydrogen-rich product gas and less tar and char in product gas than gasification of low moisture-content biomass 5) ～ 7) .
Fermentation residue is coproduced at a pretreatment of feedstock in ethanol production processes from lignocellulose as kinds of the wet biomass. The process is known as a second generation of bioethanol production, which mainly consists of pretreatment, saccharification, fermentation and distillation 8) . The residue is a lignin-rich material being hard to be fermented. The adding value to lignin is investigated by some researchers based on some technologies, e.g., synthesis gas, macromolecules and aromatic chemicals 9) .
The residue can be utilised for feedstock of synthesis gas production, which is shown in previous study 1) . The typical results of gasification of lignin or lignin-rich fermentation residue showed that yields of gas were about 50 C-mol%. The gas yield needs to be improved at moisture content of 77 wt.% with catalyst 1) . Catalytic gasification of char investigated by Xu et al. 11) with nickel catalyst of Ni/Al2O3 showed improved conversion of feedstock.
Supercritical water gasification (SCWG) of lignin also showed increase of gas yield by addition of catalysts 12)13) .
In this research, catalytic and non-catalytic gasification of lignin were implemented for controlling gas yield of product using NiO/CaO-Al2O3 catalyst and for investigating the effect of moisture content to obtain the highest cold-gas efficiency, respectively. Equilibrium constants and reaction quotients of water-gas shift reaction and methane steam reforming reaction in gasification of lignin were also investigated for different reaction temperature, T.
Materials and methods

Materials and catalysts
Feedstock was prepared by adding water to a sodium lignin-sulphonate (lignin, Kanto Chemical Co., Inc.) until the moisture content of 73-90 wt.%, which is employed as a model compound of ethanol fermentation residue with sulphur compounds 1) . Proximate and ultimate analyses of the lignin are based on JIS-M8812 and JIS-M8813 and presented in Table and balance for the support. The catalyst loading (CL) were 0.00, 0.17, 0.31 and 0.41 g-catalyst/g-feedstock.
Experimental apparatus and procedure
The gasifier was fixed-bed downdraft type, which was suitable for the small-scale gasifier operation. The illustration of the gasifier is shown in After the feedstock supply, the product gas remaining in the gasifier was recovered by the stream of argon gas. Then, the liquid with the water soluble product was collected.
The solid on the perforated plate is considered as a char.
The reaction-line was wiped with some cotton saturated with acetone, and recovered to a beaker. The material remaining in the beaker after the acetone vaporisation was regarded as tar. Carbon conversion-to-gas is defined as the following equation.
(1)
Yields of char, tar and WS on carbon basis are defined as follows,
Loss follows the following expression.
Loss [C-mol%] = 100 -Xgas -Xtar -Xchar -XWS
The cold gas efficiency is defined as (6) where the mole number and the HHV of chemical species i were ni and HHVi, respectively, and the weight and HHV of the feedstock were WFeedstock and HHVFeedstock, respectively.
For the experiments of the catalytic gasification, the catalysts were placed on the alumina balls installed on the stainless perforated plate. The number of the catalyst placed on the balls were 0, 1, 2 and 3, for CL of 0.00, 0.17, 0.31 and 0.41 g-catalyst/g-feedstock, respectively.
For the water-gas shift reaction:
∆Hf° = -41.1 kJ/mol, ∆Gf° = -28.5 kJ/mol. the equilibrium constant and reaction quotient are respectively defined as the following expression:
where p CO , p H2O , p CO2 , p H2 and ΔT are the partial pressures of produced gas (CO, H2O, CO2 and H2) in the gas collection bag in atm, and approach temperature, respectively. At the 
where p CH4 is the partial pressure of produced CH4 in the gas collection bag. Based on the partial pressures of the species in atm, the unit of the equilibrium constants are [atm 2 ] for steam methane reforming reaction and [-] for water-gas shift reaction. Note that the total pressure at the experiment was atmospheric pressure. The ∆T shows temperature depression between expected reaction temperature and resulted reaction temperature, which is used for plant design of gasifier because the decrease is not negligible 14) . Chemical equilibrium constants at T can be calculated by the equations (8) and (11) from the water-gas shift reaction (7) , which proceeded with increasing moisture content. The other product gases were methane (CH4), ethylene (C2H4) and ethane (C2H6). The compositions for these gases were relatively low and almost constant, which were 1.5-2.2 for CH4, 0.08-0.15 for C2H4 and 0.0 mol% for C 2H6.
Conversion-to-gas obtained in this study was 55.4-77.4
C-mol% for a moisture content of 73-90 wt.% as shown in times higher than for pressurised gasification of the residue in the reference 1) , in which a dried residue and steam were supplied separately to the gasifier. It was due to the differences in pressure condition and/or supply method.
The conversion-to-gas distribution decreased with respect to moisture content as shown in Fig. 3 . The maximum conversion-to-gas and cold-gas efficiency were observed for MC = 73-80 wt.%. However, more experiments for the moisture content below 73 wt.% is required. The Table 2 . The reasons for these trends are unclear. However, we think that the residence times after reaching the temperature of 900℃ for the higher MCs are shorter than for the smaller MCs. For the high MC feedstock, it took longer time to achieve the reaction temperature of 900 ℃ from ambient temperature because of the larger amount of water. The other reason is that the larger amounts of steam may promote char solidification. Therefore the conversion-to-gas curve decreased with moisture content. For more evidence to reveal the phenomenon, further thermogravimetric analyses will be required. Table 2 shows carbon distribution into each product.
The obtained yields were 11.2-55.1 C-mol% for char and 45.5-78.4 C-mol% for gas, while WS yield was low (0.0-1.9 C-mol%). Tar analysis was not conducted, because the amount of produced tar was too low to determine CHN composition due to small amount of lignin (totally 5 g-dry).
For MCs of 73-85 wt.%, the relatively larger losses (0.3-14.6 C-mol%) in Table 2 originated from low recovery of produced tar, whereas the larger char production (40.9
and 55.1 C-mol%) and smaller tar production resulted in the smaller losses (-7.0 and -2. For the higher reaction temperature, the more shift reaction proceeded because the reaction (7r) is endothermic reaction. Table 3 shows the equilibrium constants of watergas shift reaction (7) and steam methane reforming reaction (10) , for different reaction temperature. The constants for water-gas shift reaction decreased from 1.28 to 0.67 for theoretical and from 1.04 to 0.47 for experimental one, which means the reaction (7r) proceeded with reaction temperature.
At the same time, theoretical equilibrium constants of steam methane reforming increased from 48.3 to 3765, As defined in equation (9) and (12), the approach temperatures are presented in Table 4 . The approach temperatures, ΔT, for the reforming reaction are 146-287 ℃ (an average of 202 ℃ ). On the other hand, ΔT for the shift reaction ranged from -141 to -56℃ (an average of -101℃ ). The shift reaction highly proceeded due to the high moisture content in the feedstock.
In Fig. 5 , conversion-to-gas and cold-gas efficiency increased for T = 750-850 ℃ , whereas it was saturated to ca. 80% for T = 850-950℃ . The temperature range for the high efficiency was T = 850-950℃ . The conversion-to-gas at MS = 80 wt.% were 72.7 C-mol% for non-catalytic reaction (CL = 0.00 g-catalyst/g-feedstock) and 92.6 C-mol% for catalytic gasification (CL = 0.41 g-catalyst/g-feedstock), which showed 20 % improvement in conversion-to-gas. The cold gas efficiencies for CL = 0.00-0.41 g-catalyst/g-feedstock ranged from 89.0 to 108.2% [1] as shown in Fig. 7 . Fig. 8 and Fig. 5 show the product gas composition and carbon conversion-to-gas and cold-gas efficiency, respectively. Fig. 8 showed slight decrease in hydrogen and carbon dioxide and increase in carbon monoxide with temperature. These trends were caused by the reverse water-gas shift reaction of the formula (7r). The compositions for catalytic gasification in Fig. 8 were quite similar to that for non-catalytic gasification in Fig. 4 . Table 3 shows the equilibrium constants for the water-gas shift reaction expressed as the reaction (7) and steam methane reforming reaction (10) in catalytic and non-catalytic gasification at each reaction temperature.
Influence of reaction temperature
The reaction quotient of the water-gas shift reaction in catalytic gasification (ranged from 0.4 to 1.0) was almost same as that in non-catalytic one (ranged from 0.47 to 1.04 with standard error of 0.01-0.05) as shown in Table 3 .
Similarly, the constants of reforming reaction in catalytic gasification (ranged from 0.3 to 3.3) was almost equivalent to that in non-catalytic gasification (ranged from 0.63 to 3.95
with standard error of 0.23-0.60). The constants for the catalytic gasification have the less number of digits after the decimal point than in non-catalytic gasification, because the catalytic-gasification experiment was conducted just one time for each reaction temperature.
Between non-catalytic and catalytic, the averaged approach temperatures are the same (-101℃ ) for the water-gas shift reaction and equivalent (~200℃ ) for the steam methane reforming as shown in Table 4 . The catalyst had few effect on equilibrium temperature for both the water-gas shift and steam methane reforming reactions.
As shown in Fig. 5 , the conversion-to-gas and cold-gas efficiency respectively increased from 52.0 to 75.7 C-mol% and from 64.6 to 90.6% with the reaction temperature from 750 to 800 ℃ for the non-catalytic. On the other hand, the conversion-to-gas and cold-gas efficiency respectively increased from 52.8 to 81.2 C-mol% and 69.4 to 94.4% for catalytic gasification. For the suitable condition in gasification of the feedstock, a reaction rate analysis will be implemented as the future work.
From the comparison of conversion and cold-gas efficiency between catalytic and non-catalytic condition in Fig.   5 , conversion-to-gas slightly improved for T = 800-950 ℃ by loading the catalysts, while cold-gas efficiencies for catalytic gasification were equivalent to that for non-catalytic one.
At T = 900℃, the experimental error of cold-gas efficiency was 4.3% for non-catalytic gasification. The conversionto-gas for 800-900 ℃ have an equivalent value of about 76 C-mol%. The fitted curve of conversion-to-gas has a dent at T = 900℃ but it came from 3.6 C-mol% of the experimental error. The NiO/CaO-Al2O3 catalyst has the ability to promote conversion-to-gas, which implies that gasification reaction (13) proceeds. The above-mentioned results showed that the catalyst contributes little to the composition of the produced gas but has effects on conversion-to-gas and cold-gas efficiency especially for T = 900℃ .
Conclusion
Slurry-lignin with high-moisture content was gasified and effects of moisture content, reaction temperature and the nickel oxide/calcium aluminate (NiO/CaO-Al2O3) catalyst on products distribution, gas composition, and conversion-to-gas were investigated. High conversion-to-gas and cold-gas efficiency were obtained for T = 850-950℃ and MC = 73-80 wt.%. With NiO/CaO-Al2O3 catalyst on the fix bed in gasifier, lignin with moisture content of 80 wt.% was gasified to obtain 72.7-92.6 C-mol% conversion-to-gas and 89.0-108.2% cold-gas efficiencies (19.2% improvement). The catalyst loading (CL) were 0.00-0.41 g-catalyst/g-feedstock.
The results at T = 900℃ and MC = 80 wt.% showed that conversion-to-gas and cold-gas efficiency increased by about 17% (with 3.6% error) compared to the results for non-catalytic gasification with CL augmentation, whereas negligible change in product gas composition was observed with CL. In comparison of the results of equilibrium constants between non-catalytic and catalytic gasification, the catalyst had few effect on equilibrium temperature for both the water-gas shift and steam methane reforming reactions.
